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SUMMmY

13uRNERs

Turbulentburningvelocitiesforpremixedpropane
uredatroomtemperatureandat atmosphericpressm.
Inmning-velocitymeasurementsweremadeforsystemsof
burningvelocities,densities,andviscosities.These

flamesweremeas-
@ turbulent-
variouslaminar
propertieswere

varied-by(1)repficingthe~trogenoftheairwithargon-orhelium,
and(2)varyingtheoxygenconcentrationsinthepropane-oxygen-nitrogen
mixtures.Eachsetofturbulent-lmming-velocitydatawastakenin a
varietyofburnersizesandovera velocityrange.

Theexperimentaldatawerecorrelatedby a functionoftheform

where UT and UL areturbulentandlaminarburningvelocities,respec-

tively,Re isReynoldsnumber,andtheexponenta wasdifferentfor
systemshavingvariousMluents(i.e.,nitrogen,argon,andheld.um).

Measurementsweremadeofthe@al fluctuating-velocitycomponent

D

h

oftheturbulentstreamissuingfromtheburnerport. The
turbulenceappesredtobe dependentuponthenatureofthe
siderationofthedatain termsofthemeasuredturbulence
a smallover-allimprovement.However,thischangewasin
ofbettercorrelation.

SYMBOLS

Thefollowingsymbolsareusedinthisreport:

burnerinsidediameter,cm

meanflameheight,cm

intensityof
diluent.Con-
parsmeterswas
thedirection
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k constant

L burnerlength,cm

z turbulencescale,cm

Re Reynoldsnumberbased

Ret “turbulence”Reynolds

r

s

sav

%

T

u

‘L

‘T

v

x

a
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onpipediameter,‘DU/V

number,Du’/V

radiusatbaseofmeanflanesurface,cm

area,sqcm

meanflame-surfacearea,sqcm

laminarflame-surfacearea,sqcm

equi~briumflametemperature,‘%

meanstreamvelocityin -al direction,cm/sec

laminarburningvelocity,cm/sec

turbulentburningvelocity,cm/sec

localmeanvelocityin axialdirection,cm/sec

rootmeansquarevalueoffluctuatingvelocitycomponentin
@al direction,cm/sec

volumetricflowrate,cc/see

molefraction

molefractionofoxygen,02/02+ inert

eddydiffusivity,sqcm/sec

kinematicviscosity,sq cm/sec

equivalenceratio

density,g/cc

absoluteviscosity,g/(sec)(cm)
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Subscripts:

i ithspecies

“ofthembcturef’

J a particularmixture

Superscript:

a empiricallydeterndnedexponent

IN’I!RoIHJc!rIoN

Therequirementsof jet-aircraftengineshaveindicatedan everin-
creasingneedforunderstandingthemechanismgoverningthehighvolumetric
heat-releaseratesofa fuel-airmixture.Researchinturbulentcombustion
hasbeendirectedtothisgeneralend. Thespecificobjectofthework
presentedinthisreportwastoinvestigatetheburningvelocitiesofpre-
mixedopenpropaneturbulentflsmesandto studytheeffect‘ofturbulence
andturbulent-flowparametersona varietyoftheseflames.

A flamestabilizedin a laminarstreamattheportofanopenburner
exhibitsa clearlydefinedcmibustionzonejthevolumetricflowoftheun-
burnedmixturedividedby thesurfaceareaofthecombustionzoneis de-
finedasthelaminarburningvelocity.Themaximumvalueofthelaminsr
burningvelocityisa physicalpropertyofthesystemandassuchcharac-
terizesthesystem.Applicationofa similarctiacterizationtoturbu-
lentflamesisdesirable.However,a flamesituatedina turbulentstream
apparentlyhasa rapidlyfluctuatingcombustionzone,whichshowsno sharp
separationfromeithertheburnedortheunburnedgas,andtheflame-
surfaceareahasnotyetbeendirectlymeasured. Therefore,thecriterion
appliedtothelsminarcasecannotbe a~pliedtotheturbulentcase.The
analogofthelaminarburningvelocity,aaappliedtotheturbulentcase,
wasgivenbyB&lingerandWillkmsinreference1 whereintheflamesur-
faceareaisreplacedby theareaof a surfacethatdefinestheposition
ofmsximumluminousintensityoftheflsmebrush.Considerableefforthas
beenmadeto describetherelationbetweensucha turbulentburningveloc-
ityandtheaerodynamicsoftheflowsystem(refs.2 to5). Theoriesde-
velopedfromthisphysicalpicturemustbe evaluatedintermsofvariables
thataredifficulttomeasureandcannotbe reliablycalculatedatthis
time. Itisforthisreasonthatthepresentworkisprinw’ilyanempiri-
caltreatment. 1

Measurementsweremadeto determinetheeffectof laminarburning
velocity,burnerdiameter,meanstreamvelocity,andkinematictiseosity
oftheunburnedgasontheturbulentburningvelocity.Laminarburning
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velocitieswerevariedby (1)increasingtheoxygenconcentrationofthe
propane-sirflames,and(2)replacingthenitrogenoftheairby argonor ~
helium.Viscositiesanddensitieswerealsochangedbyreplacementof
theinertcomponent.

Hot-wire-anemometermeasurementsindicatethatthelongitudinalcom-
ponentofthefluctuatingvelocitychangesuponsubstitutionofargonor
helimnforthenitrogen,sothata furtherconsequenceofthesubstitu-
tionisto altertheturbulentintensityofthecoldflow.Laminarburn-
ingvelocitieswerevariedfrom35.5to 124centimeterspersecond.Meas-
urementsupto a maximumReynoldsnumberof 26,000weremadeinfive
burnerswithdiametersrangingfrom0.639to 1.890centimeters.

BASICCOI?SIIERATTONS

TurbulentBurningVelocity

Thelaminarburningvelocityofa flameseatedattheportof anopen
burneris givenby

%’$
Theanalogousquantityforturbulentflames
las

Thisdefinitionisrequiredsinceno direct

(1)
t

hasbeendefinedinreference

(2),

measurementofthesurface
mea ofa turbulentcombustionwaveisknownatthistime. Thephysical
significanceof sucha definitionisrootedin theconceptofanextended,
oscillatingflamesurface.In a directphotographofa turbulentflame,
wherethetimeofexposureis longcompuedwiththeaveragetimeoffluc-
tuation,theinnerandouterenvelopesoftheflamebrushareratherclear-
lydefin.ed(seefig.1). Thephoto~aphicdensityon sucha photo~aph
is a maximumatthepositionwheretheflamespendsthelongesttime. In
practice,thismaximumappearsabouthalfwaybetweentheinnerandouter
boundaryoftQebrush.Thepositionofthemaximumis schematicallyshown
infigure2. Theareaofthesurfacethroughthispositionofmsximum
intensityisthe Sav in equation(2). Thissurfacewillbe referredto

asthe“meanflamesurface.”

WohlandShore(ref.6)haveprobedturbulentbutane-airflamesin
orderto determinetheregionwheretheoxygenisbeingconsumedatthe .,

————— . —-— — — ..—.—



NACATN 3575 5

madmm rate. Theyfindthatthisregioncoincideswiththeregionof
maxhnumluminosity.Theseexperimentssuggestthatthemeanflamesur-
faceofa turbulentflameis thesignificantpropertytobeusedintur-
bulentburning-velocitydetermination.

FlowConsiderations

Toeffecta variationinReynoldsnumberforpipeinducedturbulence,
thecharacteristicdimensionofthepipe,Enesrvelocity,andld.nematic
viscosityofthefluidmustbe changed.Thesechangesweremadeby util-
izingburnersof differentdiameter,controllingthetotal.flowrate,and
replacingthenitrogenoftheairwitheitherargonorhelium.These
variablescouldbe controlledeithersihgl.yorin combinations.

Thetinimumrequirementsforassuranceoffullydevelo~dturbulence
in a pipearenotpredictable(ref.7). It isknown,however,thatinlet
conditionsofthefluid,roughnessoftheinsideofthepipewall,andthe
length-to-diameterratio L/D ofthepipeareimportant.Itis tobe
expected,then,thatpublishedattemptsto specifyminimumL/D forfully
develo~dturbulenceareinconsistent.Thisis foundtobe thecase.
Previo;s
isabout
L/D WaS
Reynolds

work(refs.7 to 9)indicatesthattheminimumallowableL/D
50. Forthepresentwork,allpipeswerechosensothatthe
greaterthan50andtheonsetofturbulencewasindicatedata
numberof 2100forthecoldflow.

LaminarBurningVelocities

Substitutionofeitherargonorhelim forthenitrogeninthe
propane-airsystemwillbe manifestedasa changein thelaminarburning
velocity(ref.10). Also,thedifferenceinheatcapacitybetweennitro-
genandtheinertgasesresultsin a flaw temperaturewhichis about
300°C higherforthesegases.Iaminarburningvelocitymayalsobe in-
creasedby increasingtheoxygencontentoftheunburnedmixhu?e.The
oxygencontentwasincreasedto changetheburningvelocitywithoutap-
preciablyaffectingtheviscosityordensityoftheapproachstreamflow.

GeneralDescriptionofApparatus

Theapparatususedin thisinvestigationwasa bench-scaleflowsys-
temof conventionaldesignsimilartothatdescribedinreferenceI-1.
Air,propane,oxygen,helium,andargonwereindividuallymeteredbymeans
of ca~bratedcritical-flowofices to givedesiredmixturecompositions
andflowrates.Thepipingdistancefromtheorificestotheburnerwas
sufficienttoensurethoroughmiting.Dynamicvariableswerecontrolled
by appropriatechoiceoftotalflowrate,burnersize,andmixture
composition.

. .—_— .——_____ .. ___ ._ . ..— .——
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Aftermixing,thegaseswerepassedthroughtheburnerandignited
attheport. In orderto stabilizetheturbulentflames,someofthe

.
.

combustiblemixturewasdivertedtoan annulsrpilot.Thepilotflame
wasadjustedfortheminimumflownecessszytopreventflameblow-off.
To excludeanomaloustemperatureeffectsdueto theheatingoftheburner
lipby theflsme,theupperpartoftheburnerandtheburnerlipwere
watercooled.~ detailsoftheburnerconstructionsreshowninfigure
3.

Thetemperaturesoftheinflammablemixturesandofthecoolantwere %
measuredby thermocouplesembeddedintheapparatusatappropriateposi- Z
tions. Themeasuredtemperatureswereconstantforalltheexperiments.
Allmeasurementsweremadeatnmmalroomtemperature-andatatmospheric
pressure.

In
a L/D

ordertobestassure
greaterthan!50were

Burners

fullydeveloped
used. Thefact

pipeturbulence,burnerswith
thatnoflameswerelaminar

at Re = 2100 wastakenasanindicationthatthe L/D chosenwassatis- ‘
factory.Thedimensionsoftheburnersusedaregivenin thefollowing
Mst:

,.

Burnerinside
diameter,

cm

0.639
1.016
1.119
1.459
1.890

Length-diameter
ratio,

L/D

140
135
110
95
73

.
Materials

Gases.- Excepttortheuseof serviceair,allgaseswerebottled
andthemanufacturer’sstatedpuritywas99percentorbetter.Thegases
werepipeddirectlyfromeitherthetanksorfromthebuildingservice-
airsupplytothecritical-floworificesandusedwithoutfurthertreat-.
ment.

Compositionofinflauunablemixtures.- Thechendcalcompositionsof
thecombustiblemixtureswerekeptconstantacrossanyonesetofexperi-
ments.Thatis,formixturesofpropane,oxygen,nitrogen;propane,
oxygen,he~um;andpropane,oxygen,srgon,thefuelconcentrationwas
keptconstantat105percentof stoichiometric,andtheoxygen-to-total-
noncombustiblefractionwasmaintainedatthenormalatmosphetic value

——
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G

of a.=0.209.Theoxygen-enrichedmixturesweremeasuredat 100percent
ofthefuel-oxidantequivalencevalue,andtheoxygen-to-total-
noncombustiblefractionswere a = 0.27 and a = 0.33.

mmmmw!rrON OF UT/~

MeasurementofTurbulentBurningVelocity

Measurementofmeanflame-surfacearea.- BollingerandWilliams
(ref.1)useda meanflamesurfacebasedona visualestimateoftheposi-
tionofmaximumintensity.Morerecentworkers(refs.4 and12)haveused
thedensitometerorion-gap-probemethodto locatetheregionfromwhich
themeanflame-surfacemea maybe measured.BothClarkandBittker(ref.
12)andthisauthorhavecomparedtheresultsofmeanflame-areameasure-
mentasdeternd.nedbyboththedensitometerandvisualestimatemethod.
Theresultssrethesamewithinthelimitsofexperiment.Theabsolute
-tude Ofthedifferencesaver~elessthan5 percent.~llingerand
Williams(ref.1)determinedthemeanarea’oftheirflamesontheassump-
tionthattheshapeoftheflamewascloselyapproximatedbya rightcir-
cularcone.However,theshapeofmanyturbulentflames,especiallyof
shortflames,doesnotapproximatethatofa cone. Consequently,a method
ofareacalculationwassoughtthatwouldbe moregenerallyapplicable
thantheBollingerandWilliamsmethod.

Photographsofturbulentflames(figs.l(a)and(b))showedthatthe
averageflame-surfaceareacouldbe describedanal~ical.lyforthemajor-
ityoftheexperimentsas a paraboloidofrevolution.Theareaforsuch
a surfaceis givenby

(3)

Equation(3)maybe simplified;forthecasewhere r2/2hiS small.com-
paredwith 2h,thisequationreducesto

s =$rh (3a)

Inpractice,itisfoundthattheapproximateequationisgoodforall
flameswhere h> 2r;andinthelimitingcasewhere h = 2r,thedif-
ferencein areascalculatedby equations(3)and(3a)is about2 percent.
Forflames,whereh is smallerthan 2r,equation(3)mustbe used. The
averagedifferencebetweenereascalculatedby equation(3a)andareas
measwedby numerd.calintegrationoverthesurfacesdeterudnedby the
densitometerandby visualestimationwasabout+4percent.Sincethe
reproducibilityforeithertypemeasurementisnotbetterthanM percent,

—.. —.— —.—. —
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theagreementis satisfactory.Itmustbe notedthatthismethodbreaks
downwhenveryshortorirregularlyshapedflameswe considered.For
thesecases,onemustreverttothemostdirectmethodpossible.For
flameswhichcouldnotbe handledanalytically,suchastheoxygen-
enrichedpropane-airflames,thenumericalintegrationmethodwasused.

Calculationofturbulentburningvelocity.- Directphotographswere
madeofturbulentflames.Meanflame-surfaceareasweremeasuredfrom
thenegatives,ashasbeendescribedin thesectionRASICCOIW?ZDERA!lXONS.
J&omtheknownvaluesoftheinletconditionstothepipe,thevolumetric ;
flowrateswerecalculated.Theturbulentburningvelocitywasthende- m’
terminedby therelation(eq.(2))

Analysisof combustionproducts.- In ordertousetheturbulent
burningvelocityin thecomputationof a quantitysuchasheat-release
rate,thede-e ofccmpletionofthecombustionreactionmustke known.
It isforthisreasonthatthedegreeofccapletionofthecombustion
reactionhasbeena matterof she interest(ref.13). To clarifythis
pointwithrespecttotheexperimentscarriedoutinthepresentwork,
stoichiometricpropane-airflsmeswith Re = 10,000weresampledatthe
apexoftheouterenvelopeoftheturbulentflamebrush.Thecombustion
productswerethenanalyzedby meansofa gratimetriccombustion-train-
typeappsratus.Theanalysiswascomparedwiththecalculatedequilibrium
valuesofthereactionproducts,assumingequilibriumflametemperature.
Thefollowingtableis a comparisonofa setoftypicalresultswiththe
calculatedvalues.

1
1
3eactionreed) Calculated.,
?roduct percent percent

‘2 72.3 72.3

C02 10.0 10.0
co 1.0 1.3
02 1“1 .6

H20 15.1 15.1

% .3 .3

C3% .01 .0

Fromthistableitmaybe seenthat,inthecasesconsidered,thecombus-
tionreactionapparentlygoesto completion.However,asispointedout
inreference13,itshouldnotbe concludedthatthisis alwaysthecase.

— .—
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kasurementofLaminarBurningVelocity

Forthebestself-consistencyinthedata,lsminarburningvelocities
forthepropane-oxygen-nitrogen,propane-oxygen-helium,andpropane-
oxygen-argonsystemsweremeasuredintheapparatus.

Laminarburuingvelocitiesweredeterminedlythetotal-areamethod
fromdirectphotographs.Themeasuredvalueswerethenplottedasa
functionofequivalenceratio(fig.4),andthemaxbnumvalueoftheburn-
ingvelocitywasthenreadfromthecurve.Themaximumvalueoftheburn-
ingvelocityis thequantitywhichisrefereedtointhisreportasthe
“normal”or “lsmdnsr”buruingvelocity.

Fortheoxygenenrichedmixtures,theworkofrefe&nce111onthe
effectofoxygenconcentrationonpropane-airburningvelocitieswasuti-
13zed.Onthebasisoftheseresults,sufficientoxygenwasaddedtothe
propane-airudxbmetoincreasetheburningvelocityby factorsoftwoand
three,respectively.Theburningvelocitiesandflametemperaturesare
showninthefollowingtable:

Composition Mole
fraction
of oxygen,

a

Propane,nitrogen,oxygen 0.21
Propane,nitrogen,oxygen .27
Propane,nitrogen,cxggen .33
Propane,oxygen,hel.im .21
FYopane,oxygen,argon .21

Laminar
burning
velocihy,

%@@ ‘
cm/sec

35.5
71.0
106.5
124
72.5

Calculated
equilibrium
flame
temperature,

T,
%

2281
2520a
2635a
2574
2574

%ef. 11by interpolation.

~ON OFREYNOLDSNUMBER

,PipeReynoldsIiumber

InordertouseReynoldsnumberasa meaningfulparameter,thecon-
ditionofdynamicsim.ilarLtymustbe fulfilled.Thisisaccomplishedfor
systemswithfullydevelopedpipeturbulence.

Fullydevelopedpipeturbulenceis notpredictablefromthegeometry
andflowvelocitiesofa system(ref.7). Indirectevidencethattheflow
patternwasfuJlydevelopedinthepresentexperimentsis (1)thecon-
structionoftheapparatusre~.iltedinturbulententryconditions,(2)the
length-diameterratioofallpipeswasgreaterthan50,and(3)measured

.—.
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turbulentintensitieswereindependentof streamvelocity.Inpractice,
theReynoldsnumberwaschangedbyvaryingthevelocity,thepipediameter,
andtheBnematicviscosity.

Calculationofkinematicviscosity.- Kinematicviscositiesusedto
calculateReynoldsnumbersforthegasmixtureswereobtainedfromthe
relation

(4)

Forgaseousu@ztures,applicationof sucha relationis generallyanin-
exactapprotima.tion(ref.14). However,calculatedvaluesfromequation
(4)wh.encompsredwithvaluescalculatedby moreexactmethods(ref.14)
indicatedthatthemsximumerrorwouldbe oftheorderof5 percent.

‘I&bulenceReynoldsNumber

TheReynoldsnumbermaybe computedin a varietyofways,depenUng
onwhatarechosenas characteristicdimensionsandvelocities.Inasmuch
astheturbulenceinthestreamispertinenttothisinvestigation,itis
destiableto considertheexperimentaldataintermsoftheparameters
whichcharacterizetheturbulence.Theseparametersaretheintensity
andthescaleoftheturbulence.Thescalemaybe takenasbeingdirect- ‘
l.yproportionaltothepiped&meter(refs.8 and9). Thecomponentof
intensityalongthe@s ofthetubewasmeasuredby meansofa constant-
temperature,hot-wireanemometer.Thepercentageintensity,asmeasured,
differedwiththecompositionofthegasstreamforsimilarflowcondi-
tions.Theintensityis definedas

Calculationoftherelationbetweenthelocalmeanvelocityinthe-al
directionandthemeanstreamvelocity(ref.15)showsthat

Q= Constant
u

(6)

forallthecompositionsconsidered.Thismeansthatanappropriateve-
locitytousein calculatinga Reynoldsnmberbasedonthenatureofthe

turbulenceis u’ = (~)1/2,whichmaybedeterminedfrom

=kU
‘; s

(7) ‘

where k takeson differentvalues,de~ndingonthemitiurecomposition. ‘
Whenthepipediameteris takenasa measureofthescale 2 theReynolds
numberofturbulencebecomes

—
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Thesimilarityofthispemmetertothatsuggestedby Damk6hler(ref.
2)willbe discussedlater.

Turbulenceintensitymeasurements.- Todeterminetheeffectofthe
compositionchangeonthenatureoftheturbulentstreamissuingfromthe
burnerport,theintensityofthe-al componentofthefluctuatingve-
locitywasmeasured.Theintensityis definedastheratiooftheroot
meansqusrevalueofthefluctuatingvelocitycomponentdividedby the
localmeanstreamvelocityatthepointofmeasurement.Theuseofthe
constant-temperature,hot-@reanemometerforthis@pe ofmeasurement
hasalmeadybeendescribed(ref.16). Allmeasurementsweremadeatthe
tis ofthetubewiththehotwireat zerodistancefromtheport.No
correctionsweremadeforwirelength.Inasmuchasintensitymeasure-
mentsofthistypehavebeenmadeforairasa functionofflowvelocity
anddistancefromtheburnermouth(ref.15),theinformationsoughtfor
thisworkconsistedoftherelativevaluesoftheWal fluctuatingve-
locitycomponentformixturescontainingnitrogen,srgon,orheliumwith
comparableamountsofoxygen.Theoxygenconcentrationwasthesameas
thatintheatmosphere.Measurementsweremadeforcomparableflowcon-
ditions,thatis,similarvelocitiesandsimilarReynoldsnumbers.The
apparentconstancyofthepercentageintensitywithflowratewastaken
asanindicationthatfullydevelopedpipelxmbulencehadbeenattained.
Themeasuredvaluesoftheintensitywereasfollows:

Composition Intensity

Nitrogen,oxygen 0.041
Helium,oxygen .020
Argon,oxygen .049

RESULTS

ExperimentalResults

Turbulentburuingvelocitiesweremeasuredovertherangepermitted
by theparticularmixtureandcapacityoftheapparatusinaswidea
varietyofburnersaspossible.TheReynoldsnumberforcoldflowwas
vsriedfromtheonsetofpi~ turbulence(about2100)tomaximumvalues
of 6000forpropane,oxygen,helium;26,000forpropanejoxygenJargon;
and20,000forpropane,oxygen,nitrogen.Thedataarereproducedin
tableI.

.—— — ..— ——.
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Behavioroftheburning-velocityratioasa functionofpipeRey-
noldsnumberis shownin figure5. Thegeneraltrendsforeachofthe
systemsisthesameinthatanincreaseinReynoldsnumberis attended
by anincreaseinburning-velocityratio.However,thedependenceon
Reynoldsnumberoftheburning-velocityratiodiffers,dependingonthe
compositionoftheudxture.Thisis showninfigures5 and6. Figure
5(a)showsthedataforthepropane-oxygen-uitrogensystemandtheline
ofleastsquareswhichbestfitsthedata.Figures5(b)and(c)are
similarplotsforthepropane-oxygen-argonandpropane-oxygen-heliumsys-
tems,respectively.Thedashedlinesonfigure5 arethepredictions
madefromtheI!.ciKEngerandWilliams(ref.1) correlationcomparedwith
themeasuredturbulentburningvelocities.R@ure 6 is a comparisonof
theleast-squsrestreatmentshowingthedifferenceinReynoldsnumber
depndenceforthesystemswithvariousdiluents.

Figure7 showsthedependenceoftheratioofturbulentto la.minsr
burningvelocityUT/~ ontheReynoldsnumberthatis calculatedfrom
theresultsoftheturbulenceintensitymeasurements.ThesymbolRe~
isreferredto asthe“turbulenceReynoldsnumber”in orderto distin-
guishthispsrameterfromtheReynoldsnumbercalculatedfromthemean
streamvelocity.

Bol.lingerand

Comparisonwith

Williams(ref.1)

.,

FYeviousWork

presenteda correlationoftheform

Um .
~= 0.18Red”= d0”26 (9)
‘L

basedonmeasurementsmadewithacetylene-,ethylene-,andpropane-sd.r
flames.Itis ofinterestto testthegeneralityof sucha correlation,
sincetheReynoldsnumbervariationinvolvedonlysmallchangesin density
andviscosity,whereasinthepresentwork,allfourofthevariablesfrom
whi~ theReynoldsnmber is computedhavebeenvsried.

Theexperimentaldataarecomparedwiththepredictionsmadefromthe
correctionofI!&UingerandWilliams(ref.1)infigure5. Thedashed
linesoffigure5 representtheanalyticalplotofequation(9);thereis
a separatelineforeachburnersize.Thedependenceoftheburningve-
locityontheReynoldsnumberispredictedverywell,in general.How-
ever,thepredictedburning-velocity-ratiodependenceontheburnerdiam-
eterisnotobservedforanyofthesystems. .,

●
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DISCUSSIONOFRFSULTS

Itis feltthatforthebestpracticalapplication,thedatashould
be treatedinthesimplestpossiblemanner.Inasmuchas~esentday
theoriesappeartobebasedonaninadequatemodelofturbulentcombus-
tion,anevaluationofthedatain termsoftheorywouldbeunreliable
atthistime.Forthesereasonstheempiricalapproachwasused. The
dataindicateda correlationbetweenburuing-velocityratioandReynolds

~ number.

% 13Yomfigure5I theturbulentburning-velocitydependenceonpipe
Reynoldsnumberare

Forpropane,~gen, nitrogen:

Forpropane,oxygen,argon:
.

‘T~ m ReO”U
L

Forpropane,oxygen,helium:

>
UL

m ReO.20

A Reynoldsnumbermay&o be computed
tensity.Sucha parameterhasbeendefined

u~z

(1OEL]

(lob)

(1OC)

fromthemeasurementson in-
inequation(8)as

Rej . ~ = k~Re (pipe)
J

Thisparameteristhesameasthatusedby Damk6hler(ref.2)inttide-
velopmentofhistheoryofturbulentcombustion,exceptthathe denoted
theproductu‘Z by e. ~S definitionis subjectto somediscussion.
Firstthereasonforevenconsideringthenatureoftheturbulenceis
thattheturbulenceisthoughttohavea definiteeffectonthepropaga-
tionratesofthefls.mes.However,thenatureoftheturbulencewithin

.-.-.. —— —–.—-— —.. —.. —
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theflameitselfis to allintentsandpurposesunknownexperimentally.
Therefore,anytreatmentinvolvingturbulenceparametersmustbe anap-
proximation,andtheqgalityof suchapproximationswillb indeterminate
untilmoreiskno]mabouttheinteractionbetweena turbulentfieldand
a combustionwave. Thesecondqualificationis thatwhilethereis con-
siderablekno~.m abouttheturbulentfieldwithina circularpipe,the
fieldattheexitofa pipeisintheprocessof changeandthevalues
ofthescaleandintensityarechangingin a mannerwhichhasnotyet
beengenerallydescfibed.Sincethecombustionexperimentshavebeen
conductedattheexLtofthepipe,whereconditionsaredifferentfrom %
pointtopoint,theoneapproximationtobe madeisto compsrevalues

Fm
ofthescaleandtheintensityata givenpoint.Thevaluesof u’ used
to calculateRe’ weremeasuredatzerodistancefromtheetit;burner
diameterswereusedasthemeasureofthescalesincethescaleshould
notbe sffectedby thecomposition.

Figure7 showstheleast-squareslinesoffigure6 plottedas
UT/UL againstRet. Thevalueof Re’ wascalculatedfromthefollow-
ing

For

For

For

equations:

propane,oxygen,nitrogen:

Re’= 0.041UD
v

propane,oxygen,argon:

0.049UDRe’= v

propane,oxygen,helium:

0.020mRe’= v

(l-la)

(llb)

(llC)

spreadofthecorrelationplotsis somewhatlessthanwhenthecold-
flowReynoldsnumberisusedfithoughtheslopesareunaffected.Klso,
whiletheseconsiderationsdonotcorrelateallthetits,thetrendis
towardbetteragreementandthis,in turn,arguesforthedesirability
ofusingmeasurementsontheturbulentfieldin thetreatmentofturbu-
lentburuing-velocitywork.

Statisticalconsiderations.
oftheresults,itwasfeltthat
ofthedatashouldbe computed.

- In orderto complementthetreatment
statisticalmeasuresofthesignificance .,

—.



NACATN 3575 15

Thefirstpointofimportanceis deter@.nationofwhetherthe~oup-
ingofthedataaccordingtotheinertdiluent(nitrogen,helium,orar-
gon)is correct.Thatis,shouldthedatahavebeengroupedintomore
thanorlessthanthreeclasses?Thisdecisioncanbe madeby examining
theslopesoftheLinesofthelogarithmicplotintermsofthestatisti-
cal“t”testof significance(ref.17). Giventwogroupsofdatato
whichthemethodof leastsquareshasbeenapplied,the“t”testswill
yieldtheprobabilitythata differencein slopebestexpressesthetrend
ofthedata. Thetestshowsthat,forthedatapresentedinthisreport,
(1)theprobabilityis 99percenttba.ttheleast-squarelinefortheui-
trogendatashouldhavea differentslopefromthatfortheargondata;
(2)theprobabilityis 99percentthattheargondatashouldhaveatif-
ferentslopefromthatfortheheliumdata;and(3)theprobabilityis
90percentthattheheliumdatashouldhavea differentslopefromthat
forthenitrogentits. Thus,it appetisquiteprobablethatat least
three~oupingsofthedataaxerealistic.Shouldmorethanthreegroup-
ingshavebeenused? Carefulexaminationshowedthatthenitrogendata
hadthelargestspread,and,therefore,thesetitswerebrokenup into
twogroups,thatinwhich a = 0.209 andthatinwhich u> 0.209.
Analysisshowedthattheprobabilityy thatthesedatashouldbe expressed
astwolinesofdifferentslopewas40percent.Thiscaseis notas
clearlydefinedasthepreviouscases,however,sincetheweightingis
60to40percentforconsideringallthesedatatogether,thiswasdone.

Thesecondpointofimportanceisto determinehowmuchbetterthan
Re is ReY withrespcttoan over-allcorrelation.Thepropermeasure
of significancehereis thestandarderrorofestimate.Thisdescribes
howcloselythedatapointswouldclusterabouta singleline.There-
sultoftheexand.nationshowedthatthestandarderrorofestimateon
the Rel basiswasone-halfofthevalueobtainedonthe Re basis.
In otherwords,whenallthedataareconsidered,Ret istwiceas good
as Re fora correlationwithburning-velocityratio.

Remarksontheory.- Theoriesofturbulentburningvelocitygeneral-
lypredictthattheburning-velocityratiowillincreasewithanincrease
inintensity.Thistrendisborneoutinthisreport,butonlyforsys-
temsof a givendiluent.Themeasurementsoftheturbulenceallowsome
speculationaboutthegeneralityofthesetheoreticalobservationsin-
asmuchasitispossible,fromthedata,to compareburningvelocities
of differentmixturecompositionsat similarvaluesofthescaleandin-
tensity.Whenthiscomparisonismade,differentvaluesoftheturbulent
burning-velocityratioarefound.Forthesecases,thereseemstobe no
apparentrelationbetweenturbulentburning-velocityratioandthein-
tensityoftheturbulenceasmeasuredin thiswork.

—— - -. — —— .——
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SUMMARYOFRESULTS

Theinvestigationofturbulentburningvelocityforpremixedpropane
flamesmaybe summarizedasfollows:

1.Fora systemofa givendiluentatatmosphericpressureandroom
temperature,theturbulent-to-laminar-burning-velocityratiois corre-
latedbytheReynoldsnumber.

2.Thedependenceoftheburning-velocityratioonpipeReynoldsnum- %F
beris differentforsystemsofdifferentdiluents. w

3.Thedataarecorrelatedbetterby consideringa Reynoldsnumber
%asedontheintensityoftheturbulenceattheexitoftheburner.This
suggeststhatitis desirableto correlateturbulentburning-velocity
datawithturbulent-fieldcharacterizationparameters.

LewisFlightPropulsionLaboratory
NationalAd%.soryCommitteeforAeronautics

Cleveland,Ohio,August31,1955
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TABLEI. - BURNINGVELOCITYDATAFORVARIOUSMIXTURESOFGASES

(a)Propane,oxygen,titrogen

Burner
Wameter

D,
cm

1.890

Y(
1.119

Iquivalencc
:atio,

@

1 5

2xygenmole
E’raction,

a

39

Meanstrean
velocity,

u,
cm/sec

239
315
397
478
569

661
742
824
840
395

434
471
518
555
603

650
706
745
792
838

886
933
983
886
793

707
, 604
557

%yiiGia
number,

Re

3,015
3,985
5,016
6,043
7,186

8,337
9,353
10,383
10,586
2,788

3,061
3,324
3,654
3,921
4,258

4,589
4,980
5,258
5,591
5,922

6,257
6,588
6,910
6,257
5,596

4,990
4,266
3,937

Laminar
binning
velocity

‘Lj
cmlsec

3 ,5

—

Burning
velocity
ratio,
u#JL

1.30
1.46
1.35
1.62
1.67

1.69
1.78
1.80
1.83
1.12

1.18
1.20
1.27
1.22
1.31

1.31
1.38
1.47
1.54
1.56

1.58
1.60
1.61
1.59
1.54

1.46
1.37
1.38

.
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TABLEI. - Continued.BURNINGVELOCITYDATAFORVARIOUSMlxruREsOFGAsEs

(a)Continued.Propane,oxygen,titrogen

Burner
tiameter,

D,
cm

1.016

\
.639

1. )

I
1.459

.—. .-—...— .—

quivalence
&tio,

*

1.

1

5

0

I
1.00

xygenmol
raction,

a

o.:9

em stream

elocity,
u,
cm/sec

797
1078
1379
1670
1986
2165
2458

2751
2894
733
ao9
894

979
1038
1094
IJ-57
1247

1307
1389
1477
1563
wa

1737
1822
1911
1996
965

868
610
530
450
630

—.-... ----- — .— .—— — .— -—

,eynolds

umber,
Re

5,415
7,316
9,365
ll,3i2
13,479
14,703
16,682

18,733
19,720
2,957
3,264
3,605

3,944
4,182
4,411
4,664
5,027

5,273
5,603
5,955
6,301
6,644

7,003
7,341
7,699
8,042
9,792

8,781
7,808
6,784
5,760
6,224

—= —.. —

ad.nax
UrIling
elocity,
‘L~

Cm{sec

35.5

71.0

inning
?locity
itio,
J@L

1.24
1.18
1.33
1.57
1.72
1.86
1.86

2.CH)
2.14
1.12
1.16
1.19

1.19
1.27
1.24
.1.33
1.38

1.38
1.4
1.51
1.63
1.53

1.49
1.58
1.61
1.6~
1.71

1.59
1.55
1.39
1.58
1.45

— ——. —
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TABLEI. - Continued.BURNINGVELOCITYDATAFORVARIOUSMIX’UREsOFGAsEs

(a)Concluded.Propane,oxygen,~trogen.

lurner EquivalenceOxygenmoleMeanstreamReynolds’L@llinarBurning
tbmeter,ratio, fraction,velocity,number,lxlrllingvelocity

D, + a u, Re velocity,ratio,
cm/sec ‘L) u@L

cm/sec

1.459 1.0 0.270 755 7,459 71.0 1.54

I

890 8,793 1.61
1024 10,117 1.70
1152 11,382 1.83

. 1301 8,950lc~6 .’ , , 1.42

1560 10,733 1.54
1837 12,639 1.61
2114 14,544 1.69
2378 16,361 1.70
2653 18,252 1.83

1.459 .330 836

1

8,259 106.5 1.68”

~1 I I

984 9,722 1.77
1135 11,212 1.84.- 1178 SL,638 1.85

1.016 1725 U,868 1.61

I

2031 13,973 1.64
2342 16,112 1.80
2644 18,190 1.86
2849 19,600 1.93

.—.
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TABLE1. - Continued.BUIWINGVELOCITY DATA FORVARIO~,-S OFGASES

(b) ~owne, Owgen, argon -”.
lurner EquivalenceQxygenmoleMeanstre~ReWol~ -m -w
liameter,ratio, fraction,velocity,number,burning velocity

cm

1.89

I
1.119

1.016

Y

1“.05

,

.

0.209

cm/sec

438

647
755
860

966
1041
377

508

575
631
699
755
821

657
989
1527
1896
2256

2635
3005
3378
3701

5,693
7,075
8,426
9,833
11,190

12,577
13,552
2,987
3,523
4,030

4,561
5,012
5,553
5,992
6,518

4,600
6,923
10,670
13,249
15,764

18,438
n.,olz
23,637

‘LJ
cm/sec

72.5

25;897

,

1.63
1.69
1.71
1.85
1.93

2.03
2.12
1.09
1.09
1.06

1.18
1.22
1.32
1.32
1.42

1.26
1.22
1.73
2.06
2.22

2.35
2.24
2.42
2.48

——. —— .-— .. ...— — ..—. — — — ~.. .— — —



22 NACATN 3575 .

TABLE I. - Concluded.BURNINGVELCZITYDM!AFORVARIOUSMIXTURESOFGASES

Iurner
iameter,

D,
cm

1.016

.639

1.05

lxygenmole
?raction,

a

0.209

kan stream
relocity,

u,
cm/sec

2046
2359
2755
3132
3520

3894
4030
4223
4350
4550

4604
5000
5290
5600
5940

6070
2830
3100
3429
3691

4012
4318
4643
4902
5186
5457

3eynolds
mnber,
Re

2090
2410
2800
3190
3590

3960
4110
4300
40
4640

4700
5090
5390
5710
6050

6180
1839
2017
2236
2402

2614
2808
3019
3189
3374
3553

Lanlinar
mrning
Telocity,

%J
cm/sec

12 ,0

3urning
Jelocity
ratio,
‘T/uL

1.08
1.11
1.05
1.08
1o11

1.02
1.13
1.14
1.13
1.17

1.21
1.19
1.20
1.21
1.22

1.17
.86
.93

l.cm
1.04

1.05
.99

1.02
1.02‘
1.06
1.05
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Figme 1. - Relatiw apyem.noe of turbulmt flmes, Burner diameter,1.016 centimeters;
mole fmotien of oxygen, O.~; aguivalanceratio, 1.05,
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Oxter 4nvelope

l“~’’mer ‘“’e’ope
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1 \ ~xean flameposition

;

CD-4300

Figure2.- Sketchrepresentingtimeexposureofturbulent
flameshowingmeanflameposition.
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Figure3.- Detailofburnershowingpilotingarrangement,
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Figure4.-Iamlnexburningvelooitiea.
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